A series of G-rich oligonucleotides able to form tetraplexes has been studied by FTIR spectroscopy. Characteristic markers of the formation of guanine tetrads are given. Moreover we propose a new marker discriminating between parallel and antiparallel tetraplexes: the position of the C6=O6 guanine carbonyl stretching vibration. In intermolecular parallel tetrameric structures formed by four separate strands this absorption is observed at 1693 cm 
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Abstract
A series of G-rich oligonucleotides able to form tetraplexes has been studied by FTIR spectroscopy. Characteristic markers of the formation of guanine tetrads are given. Moreover we propose a new marker discriminating between parallel and antiparallel tetraplexes: the position of the C6=O6 guanine carbonyl stretching vibration. In intermolecular parallel tetrameric structures formed by four separate strands this absorption is observed at 1693 cm Increased interest in the structure of telomeric DNA is due to the identification of a putative biological role and thus of possible biotechnical and therapeutic applications. G tetraplex DNA is a potential target for anticancer drug design (for review [3] ). These structures seem to participate in telomere protection and in elongation and transcriptional regulation. Tetraplex DNA structures have been detected in chromosomal DNA extracted from human cells using a fluorescent carbazole derivative, suggesting the existence of tetraplex structures in human nuclei [4] . Interference with telomerase and telomere maintenance is emerging as an attractive target for anticancer therapies. It has been recently shown that ligand induced stabilization of G tetraplex formation by telomeric DNA 3' overhangs inhibits telomerase from catalyzing telomeric DNA synthesis in the human uterus carcinoma cell line UXF1138L [5] . The heterogeneous hnRNP A1 binds to G rich repetitive sequences and G tetraplex structures in DNA including the d(T 2 AG 3 ) telomere repeat, and DNA synthesis arrest at the GGG sites is retrieved by addition of this protein in a dose-dependent manner. Overexpression of hnRNP A1 in colorectal cancers could contribute to maintenance of telomere repeats in cancer cells with enhanced cell proliferation [6] . Cytoplasmic intermediate filament proteins interact strongly with G rich sequences, but differential binding affinities of the cIF proteins to parallel four-stranded, bimolecular and unimolecular tetraplex configurations have R e v i e w C o p y 4 4 been shown by band shift assays [7] . The TRF2 telomere binding protein recognizes telomeric single-stranded/double-stranded DNA junctions, but telomeric complexes containing TRF2 and pot1 assemble less efficiently when the G strand overhang forms an intramolecular G tetraplex [8] . An intramolecular parallel stranded G tetraplex has been found to form in the human c-MYC promoter providing a basis for the design of drug candidates targeting the c-MYC G tetraplex to modulate gene expression [9, 10] . A porphyrin analog has been shown to bind to a G tetraplex in the c-MYC promoter and convert it from a parallel to a mixed parallel/antiparallel G tetraplex, suppressing the c-MYC transcriptional activation [11] .
A variety of G tetraplex structures exists in vitro. In all cases they are stabilized by the presence of guanine tetrads characterized by the cyclic hydrogen-bonding of four guanine bases in a planar arrangement (scheme 1). They can be classified following whether the tetraplex is formed from one, two or four separate strands and following the pattern of strand orientation (for review [12] [13] [14] [15] ). G tetraplexes can be formed by the intermolecular association of four DNA molecules (tetrameric structure) [16] [17] [18] , of two hairpins (dimeric structure) [19] [20] [21] or by the intramolecular folding of a single strand containing four blocks of guanines (monomeric structure) [22] [23] [24] . G tetraplexes are highly polymorphic with respect to three mutually related factors: the orientations of strands, the syn/anti glycosidic conformation of guanosine residues and the loop connectivities. In antiparallel G tetraplexes, guanosines usually alternate between syn and anti conformations whereas in parallel G tetraplexes all guanosines adopt the anti conformation. The structure and stability of G tetraplexes depend on the nature and amount of cations present (for review [25] ). Potassium has the ability not only to stabilize the G tetraplex structure but also to induce its structural transition from an antiparallel to parallel structures [26, 27] . Structural studies have suggested that the human telomeric sequence d(AG 3 (T 2 AG 3 ) 3 ) folds R e v i e w C o p y 5 5 into an antiparallel arrangement in presence of sodium [28] but a parallel structure in presence of potassium [29] . Divalent cations can also induce a transition from an antiparallel to a parallel G tetraplex structure. For instance Ca 2+ induces a structural switch between the antiparallel and parallel forms of the Oxytricha nova telomeric sequence [30] .
Vibrational spectroscopy has proved to be a very powerful technique to characterize DNA structures. Different makers of duplex and triplex DNA structures have been obtained by FTIR spectroscopy. These maker bands allow to detect formation of hydrogen bonds on the bases and thus to characterize different base paring schemes and to identify directly the sugar conformations (N or S family type) [31] . In this work, we have studied by FTIR spectroscopy a series of G rich sequences known from the literature to form parallel or antiparallel tetraplexes. This allows us to propose a new spectroscopic marker, the position of the C6=O6 guanine carbonyl stretching vibration, which permits to distinguish between these two families of tetraplexes. This absorption is detected at 1693 cm 
Materials and Methods
Oligonucleotides. The Oxytricha nova d(G 4 T 4 G 4 ) and d((G 4 T 4 ) 3 G 4 ) and the human d(G 3 T 2 AG 3 ) telomeric sequences were prepared as previously described [26] .
R e v i e w
C o p y 6 6 Oligonucleotides d(T 9 G 5 ), d(G 4 TG 4 ) and d(G 4 T 3 G 4 ) were purchased from Eurogentec (OliGold grade) and purified using an Ultrafree-MC filter (Millipore). Samples were prepared at neutral pH and no buffer was used for FTIR experiments. 
Results
In a first part we shall present results concerning parallel tetraplexes. We shall then consider the characterization of antiparallel tetraplexes, and in a final section we shall discuss the structural transition between antiparallel and parallel structures 
FTIR characterization of tetraplexes : interpretation of vibrational markers in
parallel stranded structures.
R e v i e w
C o p y 7 7 3.1.1. Base carbonyl in-plane stretching vibrations. In this spectral domain, the most intense absorption involving guanosine vibrations is assigned to the C6=O6 stretching vibration. In the case of guanosines not involved in hydrogen bonding it is observed at a relatively low wavenumber: 1666 cm or for 5´-GMP [33] . When the nucleotide is self-associated, forming a tetramer via Hoogsteen type G-G interactions (scheme 1), the carbonyl is involved in an hydrogen bond and this band is shifted to higher wavenumbers, at 1678 cm for 5´-GMP [33] .
In the spectrum of dG 12 ) reflects in dG 12 , first the existence of hydrogen bonds on the C6=O6 carbonyls and second the important stacking interactions between the tetrad planes that occur in the parallel stranded tetraplex structure formed by dG 12 .
The studied oligonucleotides dG 12 The wavenumbers of the guanine C6=O6 carbonyl stretching vibration for the studied sequences are given in Table 1 .
Evidence of the formation of an hydrogen bond on the guanine N7 atom in the tetraplexes.
When guanines are involved in tetrads, Hoogsteen type hydrogen bonds between C6=O6 and N1-H groups of two guanines on one hand, N7 and N2-H groups on the other are formed (scheme 1). The existence of this second hydrogen bond is evidenced by the emergence of a new absorption located at 1537 cm -1 absent from the spectrum of isolated 5'-dGMP (figure 2c). This absorption is observed for structures with G-G Hoogsteen type base pairs, such as G tetrads (self associated 5´-dGMP (figure 2b)), GpG in presence of K + ions [35, 36] , polyG [37] , or triple helices containing G * G.C base triplets [38] . On the contrary, it is not observed in structures with G-C Watson-Crick base pairing in which the N7 atom of guanines remains free, for instance duplexes such as d(C n GCG n ) with n=2,3 5, dG n . dC n or d(G-C) n ·d(C-G) n [39] . In the case of dG 12 , d(G 4 TG 4 ) and d(T 9 G 5 ) we observe this band ( figure 1a, b, c) , which shows the establishment of an hydrogen bond between N7 and N2-H atoms of two guanines, and confirms the formation of the guanine tetrads.
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Elsevier R e v i e w C o p y 9 9 Another absorption is also sensitive to the interactions at the level of the guanine N7 atom. It is assigned to a vibration mode involving the N7C8H bending motion and can be easily observed in spectra recorded in H 2 O solutions. When the N7 atom is not involved in hydrogen bonding, for instance in Watson-Crick base paired double helices, it is located at 1496 cm -1 , in A family form as well as in B family form duplex spectra ( figure 3a, b) . This band is shifted to lower wavenumbers when an hydrogen bond is formed on the N7 site. In the spectra of dG 12 which again confirms the formation of the guanine tetrads and of the parallel tetraplexes.
Sugar conformations.
Vibrational spectroscopy can directly characterize the sugar pucker in nucleic acids using bands characteristic of S type (C2´endo) or N type (C3´endo) sugar conformations. Thus S type sugars will be detected thanks to a band located around . In contrast to the antisymmetric stretching vibration band, the position of the symmetric stretching vibration band is almost not sensitive to changes in the nucleic acid double helical geometry.
In the spectra of the parallel tetraplexes studied here, the antisymmetric stretching vibration band is observed around 1225 cm absorption is indicative of a change in the phosphodiester conformation, although as shown above, the sugars remain in S type geometry. The X-ray diffraction study of the crystal structure of the parallel d(TG 4 T) tetraplex has shown the existence of a strain in the phosphate backbone torsion angles necessary to optimize guanine stacking [18] . This does not require any structural change in the sugar, but induces two discrete conformations in the phosphate backbone. The R e v i e w C o p y 11 11 existence of two contributions at 1091 and 1082 cm -1 in the FTIR spectra of parallel tetraplexes, whatever the sequence, and for structures formed by DNAs as well as RNAs, may reflect these two phosphate backbone geometries.
FTIR characterization of tetraplexes : interpretation of vibrational markers in
antiparallel stranded structures. 12 12 Finally the strongest band, assigned to the C6=O6 carbonyl stretching vibration is observed in the spectra of these antiparallel tetraplexes at 1682 cm . In the present case, the degree of co-planarity between dG residues in each G tetrad is greater in the parallel structures than in the antiparallel ones. The perturbation of each G tetrad directly affects the stacking energy of the neighboring G tetrad [43] . This is reflected on the FTIR spectra by the shift of the guanine C6=O6 carbonyl band. The position of this absorption can be used as marker to characterize the type of tetraplex formed (parallel or antiparallel). The wavenumbers of the guanine C6=O6 carbonyl stretching vibration for the studied antiparallel tetraplexes are also given in Table 1 . This clearly indicates that the sugars in these tetraplexes adopt preferentially an S type (C2´endo) geometry. In addition we can notice the emergence of an absorption at 920 cm -1 which may reflect the existence of guanosines in syn conformation. Such a band had been previously observed in the left-handed Z form spectra and is probably related to a C-N vibration in syn guanosines [44] . . We propose that the presence of this doublet can be considered as indicative of the formation of a tetraplex, whatever the strand orientation, as it has been systematically observed in all structures studied here.
Base in-plane double bond stretching vibrations.
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Sugar conformations and vibrations
Interconversion of telomere DNA between antiparallel and parallel tetraplex
structures. 
Discussion
In the present work we have proposed a new FTIR marker band allowing to characterize the strand orientation in G tetraplexes: in parallel structures the C6=O6 carbonyl stretching vibration is found at 1693 cm contain two or more guanine stretches [14] . Moreover the kinetics of the formation of antiparallel and parallel G tetraplex structures are very different. Linear four stranded tetraplexes have slow formation kinetics [45] while unimolecular tetraplexes fold rapidly [46] . Potassium and calcium ions are able not only to regulate the stability of R e v i e w C o p y G-tetraplexes, but also can induce a structural transition from an antiparallel to parallel G-tetraplex structure [29, 30, [47] [48] [49] . FTIR spectroscopy allows us to follow such a transition and precise the strand orientations in the formed tetraplexes using the guanine carbonyl stretching vibration as probe. 
